Over the course of pregnancy, the human uterus undergoes a 500-to 1,000-fold increase in volume and a 24-fold increase in weight. The uterine smooth muscle layer or myometrium is remodeled, and both cell hypertrophy and hyperplasia are evident. The origin of the new smooth muscle cells, however, is unclear. They may arise from existing smooth muscle cells, or they may be the product of stem cell differentiation. This study describes a subset of myometrial cells isolated from nonpregnant human myometrium that represents the myometrial stem cell population. This was characterized as side population of myometrial cells (myoSP) by a distinct Hoechst dye efflux pattern. In contrast to the main population of myometrial cells (myoMP), myoSP resided in quiescence, underexpressed or lacked myometrial cell markers, and could proliferate and eventually differentiate into mature myometrial cells in vitro only under low oxygen concentration. Although myoMP displayed mature myometrial phenotypes before and after in vitro cultivation, only myoSP, not myoMP, generated functional human myometrial tissues efficiently when transplanted into the uteri of severely immunodeficient mice. Finally, myoSP were multipotent and made to differentiate into osteocytes and adipocytes in vitro under the appropriate differentiation-inducing conditions. Thus, myoSP exhibited phenotypic and functional characteristics of myometrial stem cells. Study of myoSP will improve the understanding of myometrial physiology and the pathogenesis of myometrium-derived diseases such as leiomyoma. myoSP may also represent a novel source of biological material that could be used in the reconstruction of not only the human uterus but also other organs as well.
T
he human uterus, which is composed mainly of myometrial cells, exhibits a 20-fold expansion in size over the course of pregnancy. Both myometrial hyperplasia (an increase in cell number) and hypertrophy (an increase in cell size) contribute to the dramatic growth of the pregnant uterus (1, 2) . In humans, most growth results from stretch-induced myometrial hypertrophy. Uterine growth during the first weeks of pregnancy, however, is accomplished by myometrial hyperplasia with a smaller contribution from hypertrophy (1) . Similarly in rats, myometrial hyperplasia is high during early gestation and decreases dramatically later; and myometrial hypertrophy is low at the beginning of pregnancy but increases as gestation progresses (2) . These changes repeat with each successive pregnancy. The presence of stem cells in other areas of the body that undergo continual renewal such as the bone marrow, gut, and skeletal muscle (3) suggests that the changes in the uterus may not be attributable to the hypertrophy and hyperplasia of existing myometrial cells alone. We hypothesize that the myometrium harbors a population of stem cells that enable the repeatable enlargement of the pregnant uterus. In support of this hypothesis we isolated putative myometrial stem cells from the human uterus and demonstrated that they possessed stem cell-like properties including an undifferentiated and quiescent phenotype, the potential for multidifferentiation, and the ability to reconstruct the myometrium in vivo.
Results
We began this study by identifying possible candidates for the myometrial stem cell based on the side-population (SP) phenotype characteristic of the unique ability to efflux the DNAbinding dye Hoechst 33342 via the ATP-binding cassette transporter G2 (ABCG2) (4, 5) . SP cells have been isolated from various adult tissues (6) (7) (8) (9) , demonstrating that this phenotype may represent a common feature of adult stem cells (5) . We isolated myoSP from 63 human uterine myometrial specimens and found that these cells represented 2.97 Ϯ 1.13% of the total living cell population (Fig. 1A) . Separation of the SP cells was blocked by the addition of 50 M reserpine, an ABCG2 blocker ( Fig. 1 A) . There was no significant association between the percentage of isolated myoSP and any of the patient parameters including age, parity, contraception, and the day of menstrual cycle when the sample was collected.
We next characterized the myoSP in comparison with the myoMP by analyzing cell surface markers, the expression levels of human myometrium-associated genes, and cell cycle status. Flow cytometry analysis revealed that Ϸ99% of myoSP, but only 55% of myoMP, were positive for CD34. The CD34 ϩ myoSP was further divided into CD31 ϩ and CD31 Ϫ cells (67% and 33%, respectively) (Fig. 1B) . Although CD34 is a well known stem cell marker for hematopoietic and endothelial cells in human, only 0.11 Ϯ 0.05% (mean Ϯ SD) of the myoSP population were positive for a hematopoietic lineage marker CD45 (data not shown), indicating that the myoSP was not hematopoietic stem cells. Furthermore, myoSP was negative for differentiated endothelial cell markers including CD106, vascular endothelial growth factor-receptor 1, and factor VIII-related antigen [supporting information (SI) Fig. 6A ].
In consistent with the flow cytometry data ( Fig. 1 A) , myoSP preferentially expressed ABCG2 protein, as determined by immunofluorescence staining (Fig. 1C) . RT-PCR analysis of mRNA derived from isolated myoSP and myoMP demonstrated that the expression level of ABCG2 mRNA was significantly higher in the myoSP than in the myoMP ( Fig. 1 C and E) . Estrogen receptor-␣ (ESR1), progesterone receptor (PGR), and the smooth muscle cell markers including calponin and smoothelin were present at very low levels in myoSP compared with both myoMP and whole myometrial tissues ( Fig. 1 C and E) . This suggests that myoSP represents an immature or undifferentiated population. Finally, estrogen receptor-␤ (ESR2) was almost undetectable in the myoSP and myoMP fractions and in whole myometrial tissues (Fig. 1D) , consistent with ESR2 being relatively absent in the nonpregnant human myometrium (10) .
An important characteristic of hematopoietic and other tissuespecific stem cells is that they remain dormant or quiescent, being arrested in the G 0 phase of the cell cycle, where they are protected from depletion or exhaustion (11) (12) (13) . Entry into G 1 , followed by exit from G 0 is associated with an increase in transcription, which can be measured by pyronine Y (PY), an RNA-specific dye. Flow cytometry analysis, followed by costaining with PY and Hoechst 33342 revealed that Ϸ98% of myoSP but only 20% of myoMP were in the G 0 phase (Fig. 1F) , which might result from quiescent nature of tissue stem cells.
To further characterize myoSP, we cultivated and expanded them in vitro using a variety of culture conditions together with various extracellular matrices including collagen and Matrigel. Because hypoxia is known to exert growth-promoting effects toward some types of stem cells (14, 15) , we examined the effects of oxygen concentration upon the proliferation of myoSP and myoMP. Interestingly, although myoSP never proliferated efficiently in vitro in a normoxic (20% O 2 ) environment ( Fig. 2A  Left) , it did proliferate efficiently in vitro under 2% oxygen tension ( Fig. 2 A Right) . Quantitative analysis of cell proliferation revealed that the in vitro expansion of the myoSP fraction under an oxygen tension of 2% was comparable to that of the myoMP (Fig. 2B) . Although myoSP did not express smooth cell markers including ␣SMA and calponin just after isolation, the expression of these markers was induced after 21 days of culture under We therefore determined whether myoSP had the potential to reconstitute myometrial tissues in vivo. To address this, myoSP was transplanted into the uteri of NOD/ SCID/␥ c null (NOG) mice. NOG mice exhibit multiple immunological deficiencies including a lack of cytokine production and functional incompetence of T, B, and NK cells (16) . This permits high xenograft engraftment levels as described elsewhere (16, 17) . Sixteen NOG mice were ovariectomized and s.c. implanted with an estradiol (E 2 ) pellet. myoSP was then injected into the uterine horn (1 ϫ 10 5 cells per horn). The same number of age-matched NOG mice was similarly transplanted with myoMP. The uteri were excised 10 weeks after xenotransplantation and subjected to immunofluorescence staining and confocal microscopy. As shown in Fig.   3 , human vimentin (Vm)-positive cells were present in all of the uteri of NOG mice transplanted with myoSP. Because a Vm antibody used in this study specifically reacts with human Vm (17) and human nuclear antigen (HNA) were coexpressed with Vm (SI Fig. 7 ), Vm-positive cells were bona fide of human origin. Importantly, those Vm-positive cells expressing ␣-smooth muscle cell actin (␣SMA), i.e., mature human myometrial cells, were found in 10 of the 16 uteri transplanted with myoSP ( Fig. 3 Upper). In contrast, Vm-positive cells were not detected in 13 uteri transplanted with myoMP (data not shown). Only three myoMP-transplanted uteri possessed a small but certain number of Vm-positive cells which, however, never expressed ␣SMA (Fig. 3 Lower).
To explore the possible contribution of myoSP to the remodeling and expansion of the uterus during pregnancy, we examined whether myoSP generated tissues resembling the pregnant myometrium in the uteri of the pregnant NOG mice. Upregulation of oxytocin receptors (OTR) is one of the events associated with ''activated'' myometrium during late pregnancy and labor in humans and mice (18, 19) . The level of OTR mRNA is also gradually increased during the early and mid stages of pregnancy in mice and human (18, 20) . Indeed, OTR mRNA can be detected at 7.5 days after conception (d.p.c.) in mice (18) . We therefore performed immunofluorescence staining using antibodies against human Vm, ␣SMA, and OTR on the uteri excised from the pregnant NOG mice at 7.5 d. p.c. who had been xenotransplanted with myoSP or myoMP 2 weeks before mating with Crlj:CD1 (ICR) males. 3 . In vivo reconstitution of myometrium from myoSP in the E2-treated uteri of NOG mice. NOG mice were ovariectomized and xenotransplanted with myoSP or myoMP into their uteri, s.c. implanted with an E 2 pellet, and hysterectomized 10 weeks after transplantation. The excised uteri were subjected to immunofluorescence staining using antibodies against ␣SMA or Vm, followed by DAPI staining. Note that mature myometrial cells expressing ␣SMA were found in 10 of the 16 uteri transplanted with myoSP but in none of the 16 myoMP-transplanted uteri. Even Vm-positive cells were not detected in 13 uteri transplanted with myoMP (data not shown). Only three myoMPtransplanted uteri possessed a small but certain number of Vm-positive but ␣SMA-negative cells (Lower). [Scale bars, 50 m (Upper) and 100 m (Lower).] We found that human-derived cells (Vm-positive) expressing ␣SMA were present only in the uteri of the NOG mice transplanted with myoSP (Fig. 4A Upper) , but not myoMP (data not shown), which was similar to the results of the nonpregnant E 2 -treated uteri (Fig. 3) . Immunofluorescence staining and confocal microscopic analysis of the serial cryosections revealed that the human myometrial cells doubly positive for ␣SMA and Vm in the pregnant uteri contained a larger number of OTR-positive cells (Fig. 4A  Lower and SI Fig. 8 ) than those present in the nonpregnant E 2 -treated uteri (Fig. 4B) . In agreement with a previous report (21) , endometrial glands were positive for OTR (Fig. 4B) . Thus, undifferentiated myoSP had not only the potentials of proliferating and differentiating into the mature myometrial cells in the mouse uteri but also the capacity of inducing the expression of OTR particularly in the pregnant uteri.
Lastly, we examined the potential of myoSP for multilineage differentiation. We cultured and expanded myoSP and myoMP under hypoxic condition for 2-4 weeks and then replaced the media with ''osteogenesis-inducing medium'' for induction of osteogenesis or ''adipogenic induction and maintenance medium'' for adipogenesis, and further cultured under normoxic condition for another 2 weeks. In the presence of osteogenesis-inducing medium, myoSP, but neither myoMP nor unfractionated myometrial cells, exhibited an apparent alkaline phosphatase activity together with significant up-regulation of collagen type 1 (COL-I), bone sialoprotein (BSP), and several other osteogenesis marker genes (Figs. 5 A and B and SI Fig. 9) . Similarly, treatment with adipogenic induction and maintenance medium for 2 weeks induced adipogenesis in myoSP, but neither myoMP nor unseparated myometrial cells, as judged by enlarged and rounded morphology, staining with a lipid dye Oil red O, and significant up-regulation of lipoprotein lipase (LPL) and peroxisome-proliferating activated receptor ␥ (PPAR␥) genes, both adipose-specific markers (Figs. 5 C and D) .
Discussion
The results of this study are a strong argument in support of myometrial stem cells. These cells retain the capability to differentiate into multiple cell types as well as smooth muscle cells in vitro and to give rise to myometrial tissues in vivo. We isolated these stem-like or progenitor cells, the myoSP population, from human myometrium and found that they survived and proliferated in vitro only under hypoxic conditions. There is an enlarging body of evidence supporting that low-oxygen conditions enhance the proliferation of adult stem cells and that proliferation in a hypoxic environment is one characteristic that defines the stem cell (14, 15) . Thus, the requirement of a hypoxic environment for the survival and expansion of myoSP further substantiates that they are bona fide tissue-specific stem cells.
The requirement of a hypoxic environment for myoSP culture and spontaneous differentiation into smooth muscle cells may implicate myoSP in the pathogenesis of myometrium-derived neoplasms, notably leiomyomas. Leiomyomas are the most common gynecological tumors in women of reproductive age and are associated with a variety of symptoms including abnormal uterine bleeding, pelvic pain, urinary frequency, impaired fertility, and spontaneous abortion. They are clonal in origin (22) , and their development is thought to be induced and promoted by hypoxia (23) (24) (25) . Low oxygen tension (1-5% O 2 ) dramatically up-regulates secreted frizzled-related protein 1, a modulator of Wnt signaling, which exerts antiapoptotic effects in leiomyoma cells but not myometrial cells (25) . Myometrial contractions and vasoconstriction that occur during menstruation render the myometrium hypoxic. It is possible that repeated menstruation-induced hypoxia may select a single cell such as a myoSP to proliferate and acquire cytogenetic abnormalities that would ultimately result in the development of a leiomyoma. Leiomyomas occasionally contain adipogenic components and are referred to as lipoleiomyomas (26) and, very rarely, they become ossified (27) , which is consistent with the potential of myoSP for differentiation not only into myocytes but also into adipocytes and osteocytes. In support of our idea, Arango et al. (28) have reported that Müllerian duct mesenchyme-specific disruption of ␤-catenin results in a progressive turnover of uterine myometrium to adipose tissue, suggesting a possible existence of myometrial stem/progenitor cells that have the potential for differentiating into adipocytes in the absence of ␤-catenin and eventually giving rise to lipoleiomyomas. Indeed, the same group has recently isolated a myometrial SP from the mouse uterus and provided evidence suggesting that the SP contains putative myometrial stem/progenitor cells derived from the Müllerian duct mesenchyme (29) , which supports the enrichment of stem/progenitor cells in myoSP in humans.
Human subendometrial myometrium originates from the Mül-lerian duct, whereas the outer myometrium has non-Müllerian origin (30); however, they both are derived from the mesenchyme (31) . In addition to the origin of the myometrium, the present results demonstrating the quiescent and undifferentiated status of myoSP, its multidifferentiation potential, and selfrenewal/reconstitution capability suggest that myoSP may share many characteristics of so-called mesenchymal stem cells (MSCs). MSCs are defined as self-renewable, multipotent progenitor cells with the capacity to differentiate into several distinct mesenchymal lineages (32) . However, there exist some phenotypic and functional differences. First, although myoSP expressed several MSC markers including CD90, CD73, CD105, and STRO-1 (SI Fig. 6B ), the majority of myoSP was CD34-positive and CD44-negative (Fig. 1B and SI Fig. 6B ), whereas MSCs are known to be negative for CD34 and positive for CD44 (33) . Second, myoMP also expressed STRO-1 like MSCs; however, it did not possess stem cell-like properties. Third, unlike bone marrow-or peripheral blood-derived MSCs (32), myoSP did not generate skeletal muscle cells when we transplanted them into the intact or chemically injured skeletal muscle of NOG mice (SI Fig. 10) . Further studies will be required to elucidate a mechanism by which myoSP behaves in a different way from MSCs in response to the microenvironment and/or niche of various tissues and organs.
We here demonstrated that myoSP, whose ESR1 expression level was relatively low, generated myometrial tissues efficiently under the influence of E 2 . It is conceivable that mouse myometrial ESR-1-positive cells may produce and secret bioactive substances in response to estrogen, which, in turn, may drive transplanted myoSP to proliferate and differentiate into mature myometrial cells in a paracrine manner. In this regard, there may similar mechanism(s) underlying the contribution of myoSP to the hormone-induced remodeling and expansion of human uterus. In support of this idea, Chan et al. (34) have reported that label-retaining cells, which are thought to correspond to quiescent tissue-specific stem cells, are negative for ESR1 in the endometrial epithelium but ESR1-positive in the stroma, suggesting the capacity of the stromal stem/progenitor cells to respond to estrogen and transmit paracrine signals to epithelial cells for endometrial epithelium regeneration. Besides myometrial cell growth, E 2 and ESR1 are also involved in the induction of OTR (35), one of the acquired functional properties of myometrium throughout pregnancy, in particular, during the late pregnancy and labor (18) (19) (20) . In this study, human OTR was dramatically up-regulated in the pregnant uterus compared with nonpregnant E 2 -treated uterus. These facts collectively raise a possibility that, in addition to E 2 , certain cell growth-promoting microenvironmental factors of mouse pregnant uterus may contribute to the induction of human OTR in the regenerated human myometrium, and that there may be some similarities in those factors between mouse and human.
A thorough characterization of myoSP is a prerequisite for understanding the complex mechanisms underlying the morphogenesis and physiological regeneration of the myometrium. Our procedures for isolating and cultivating myoSP have made these studies possible. The elucidation of functions and cellular properties of myoSP will broaden our understanding of pathogenesis of myometrium-derived diseases notably leiomyomas. Additionally, the techniques developed by our laboratory for culturing and differentiating myoSP could be a starting point for using these cells for the regeneration of the uterus or other organs.
Materials and Methods
Detailed protocols can be found in SI Methods.
Preparation of Human Myometrial Cells. Normal myometrial tissues without any abnormalities including adenomyosis or malignancies were obtained from 63 women (age range 35-54 years) undergoing hysterectomy for benign gynecological diseases. The use of these human specimens was approved by the Keio University Ethics Committee, and all patients provided informed consent. The myometrial tissue was cut up manually into small pieces of Ͻ1 mm 3 which were then incubated for 4-16 h in Dulbecco's modified Eagle's medium (Sigma-Aldrich) containing 0.2% (wt/vol) collagenase (Wako), 0.05% DNase I (Invitrogen), 1% antibiotic-antimycotic mixture (Invitrogen), 10% FBS and 10 mM Hepes buffer solution (Invitrogen) at 37°C on a shaker. After the shaking, the digested tissue was filtered through a sterile 400-m polyethylene mesh filter to remove undigested tissues, and again filtered through a 40-m cell strainer (BD-Falcon). The filtrates were layered over FicollPaque PLUS (Amersham Biosciences) and centrifuged to remove red blood cells. The media/Ficoll interface layer was aspirated, washed, and disaggregated in a 0.05% trypsin-EDTA solution (Sigma-Aldrich) containing 0.05% DNase I by pipetting to obtain single-cell suspensions.
Hoechst 33342 and Pyronin Y (PY) Staining. The dissociated myometrial cells were resuspended at a concentration of 2 ϫ 10 6 cells per milliliter in SP solution (calcium-and magnesium-free Hanks' balanced salt solution containing 2% FBS, 1% penicillin/ streptomycin, and 10 mM Hepes). Hoechst 33342 (Sigma-Aldrich) was then added at a final concentration of 5 g/ml and the sample incubated at 37°C for 90 min. A parallel aliquot was stained with Hoechst dye in the presence of 50 M reserpine (Sigma-Aldrich). After incubation, the cells were centrifuged at 1,500 ϫ g for 7 min, resuspended in 2 ml of cold SP solution and further incubated with 1 g/ml propidium iodide (PI; Sigma-Aldrich) to label nonviable cells. The cells were kept on ice at all times after staining with the Hoechst 33342 dye. The Hoechst dye-and PI-treated cells were subjected to flow cytometric analysis to separate the myoSP and myoMP. For costaining with Hoechst 33342 and PY, sorted myoSP and myoMP were washed twice in SP solution, incubated with 1 g/ml Hoechst33342 together with 50 M reserpine in a 37°C water bath for 45 min, and then, without any additional washing, incubated with 3.3 M PY (Polysciences) for another 45 min. The cells were washed once in an excess volume of SP solution and subjected to FACS analysis. Cells cotreated with Hoechst and reserpine or treated with PY alone were used as negative controls. PY was excited with an argon laser.
Antibody Staining for FACS Analysis. Hoechst-stained single myometrial cells were resuspended in SP solution at 1-5 ϫ 10 7 cells per milliliter. The antibodies used for FACS were conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE), or allophycocyanin (APC) (SI Table 1 ). All incubations with antibodies were carried out on ice for 30 min. After antibody staining, the cells were washed with an excess amount of SP solution and resuspended in SP solution at a concentration of 1 ϫ 10 7 cells per milliliter before FACS analysis. RT-PCR. The primers used for PCR amplification are as listed in SI Table 2 . Total RNA was extracted by using TRIzol Reagent (Invitrogen) and reverse transcribed with SuperScript III reverse transcriptase (Invitrogen) and random hexamers, according to the manufacturers' instructions. cDNA was synthesized from 60,000 to 200,000 myoSP or myoMP. An aliquot was then assayed for the relative amount of GAPDH signal. These data were then used to calculate a dilution factor for each sample, so that each contained the same concentration of GAPDH cDNA.
Cell Culture. Both myoSP and myoMP were cultured in MSC growth medium (MSCGM; Cambrex Bio Science) under normoxic (20% O 2 ) or hypoxic (2% O 2 ) conditions for 4 weeks. Cell proliferation activities were measured by using the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay (Promega) according to the manufacturer's instructions.
For induction of differentiation, myoSP and myoMP were plated at a density of Ϸ5 ϫ 10 3 cells per well in 96-well dishes with MSCGM and grown in a hypoxic environment until the cells reached confluence (14-28 days) . Subsequently, the cultures were exported to a normoxic environment, fed with osteocyte differentiation media or adipogenic induction/maintenance media (Cambrex Bio Science) for 2 to 3 weeks, and then harvested for RNA extraction, or subjected to alkaline phosphatase staining or Oil red O staining (for details see SI Methods).
Transplantation Analysis. All experiments using NOG mice (Central Institute for Experimental Animals) were conducted in
